Starting from a completely homozygous population of Drosophila melanogaster, lines were derived and independently maintained by a single brother-sister mating in each generation. Two bilateral traitssternopleural bristle number and wing length-were individually scored on the right-(R) and left-hand (L) sides. Directional (DA) and fluctuating (FA) asymmetries were represented by the signed (R-L) and unsigned Q R-L Q difference, respectively. Mutational variances (the mutational rate of input of genetic variation) and heritabilities (the mutational variance scaled by the environmental variance) of R, L, (R-L) and Q R-L Q were calculated from the between-line divergence after a number of generations of mutation accumulation (bristle number : 171 lines, 122 generations ; wing length : 148 lines, 170 generations). Mutational heritabilities of R and L were all significant, ranging from 0.73i10 −$ k2.10i10 −$ . Those of (R-L) and Q R-L Q were two orders of magnitude smaller and nonsignificant, ranging from k1.95i10 −& k5.49i10 −& . These results imply that mutations affecting the DA or FA of bristle number and wing length have not been fixed in the lines or, alternatively, that their effects were too small to be detected. In the population under study, the data strongly suggest that FA reflects only developmental noise due to non-genetic processes.
INTRODUCTION
In bilaterally symmetric organisms deviations between the scores of morphological traits on the two sides of the individual are often observed. Several types of asymmetry have been statistically defined, two of them receiving special attention : directional asymmetry (DA), described as a consistent right-or left-handed bias in the expression of a trait, and fluctuating asymmetry (FA), characterized by small random deviations from perfect bilateral symmetry (Van Valen 1962 ; Palmer & Strobeck 1986 ; Palmer et al. 1993) .
In natural populations of Drosophila melanogaster, DA differs from the generality of quantitative traits in the sense that artificial selection has been ineffective in changing the mean (R-L) value of traits initially symmetric (review by Tuinstra et al. 1990 ). Thus, genetic variation for DA is considered to be lacking.
FA is commonly interpreted as a departure from the ideal development programme and, therefore, as a measure of developmental instability. In conservation biology, FA is widely used as an indicator of stress tending to upset development (reviews by Leary & Allendorf 1989 ; Markow 1995) . FA is also considered to be correlated with mating success and, as such, to be a basic component of reproductive fitness playing an important role in sexual selection (review by Watson & Thornhill 1994 ).
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High levels of FA have been found associated with aspects of inbreeding and outbreeding depression. Thus, they have been tentatively related to increasing degrees of homozygosity or to the breakdown of coadapted gene complexes, respectively. However, the general validity of these relationships, as well as the nature of the underlying mechanisms, have not been clearly established (review by Markow 1995) .
In natural populations of Drosophila melanogaster a number of experiments have explicitly attempted to estimate the heritability of FA (Mather 1953 ; Reeve 1960 ; Scheiner et al. 1991) . Small, generally nonsignificant values ( 5 %) have been obtained. Thus, more precise information is needed for a meaningful use of the FA concept in evolutionary and ecological research.
Here we compare estimates of the mutational variances and heritabilities (the mutational variance scaled by the environmental variance) of two morphological traits and their DA and FA. Those traitssternopleural bristle number and wing length-are those most commonly used to measure FA in Drosophila.
MATERIALS AND METHODS (a) Base population and inbred lines
A Drosophila melanogaster line isogenic for all chromosomes obtained by Caballero et al. (1991) was used as the base population. From this, 200 inbred lines were started. Half of them (B lines) were always maintained by a single brothersister mating per line and per generation. The other half (C lines) were initially maintained by two double-first-cousin matings per line and generation (generations 0-47) and by one single brother-sister mating thereafter (see Santiago et al. 1992 for further details). The isogenic line carried the recessive eye-colour marker sepia (se) in chromosome III, as an indicator of possible contamination from exogenous flies. It was also classified as (weak P) or Mh (pseudo-M) for the P-M system of hybrid dysgenesis.
(b) Culture conditions and traits scored
Flies were reared in the standard medium formula of this laboratory (brewer's yeast-agar-sucrose). All cultures were incubated at 25p1 mC and maintained under continuous lighting. Flies were handled at room temperature under CO # anaesthesia. Each inbred line was kept in a separate glass vial (20 mm diameter, 100 mm height) with 10 ml medium added. Oviposition was allowed during 4 d, after which both parents were discarded. This implies that culture densities were low. At emergence, virgin male and female offspring were collected. All offspring of the same sex and line were maintained in the same vial until they were 4 d old, after which four pair matings were individually made and kept in separate vials. One pair was used to perpetuate the line (spare matings were used when the first failed to reproduce). Additional flies were kept for evaluation.
Traits scored on individual flies were : (1) the number of bristles on the right (R) and left (L) sternopleural plates ; (2) the length of the right (R) and left (L) wings to the nearest 10 −$ mm (see Santiago et al. 1992 for experimental details).
Directional asymmetry (DA) reflects deviations from bilateral symmetry in a particular direction, resulting in nonzero (R-L) line means. In our set of lines, significant (R-L) between-line differences must be ascribed to fixation of mutations affecting DA and can be tested by standard analysis of variance (ANOVA) techniques (see below). In parallel, fluctuating asymmetry (FA) is defined as a nondirectional deviation from bilateral symmetry, resulting in an increased (R-L) line variance. Thus, significant heterogeneity of (R-L) line variances indicates fixation of mutations affecting FA. This can be assessed by Levene's test (Snedecor & Cochran 1980) , which has the advantage of being much less sensitive to non-normality than Bartlett's test for homogeneity of variances. Levene's test uses the average of the absolute deviations as a measure of the variation within a class, instead of the mean square of the deviations. 
(c) Estimation of mutational variances and heritabilities
Samples of ten males and ten females were scored per line and per generation for bristle number (generations 120-122) and wing length (generations 169-170) on the 171 and 148 lines surviving, respectively. For R, L, (R-L) and Q R-L Q, ANOVAs were carried out and the total variance for each sex was partitioned into sources (random effects) arising from variation between lines (V L ), between generations, linegeneration interaction and within-lines (V W ). Vial effects are included in the corresponding interaction variance component and, therefore, V L strictly reflects genetic differences between lines. The covariance between R and L was similarly partitioned into sources, cov L standing from the between-line component.
Starting from a completely homozygous population, and assuming that all mutations are neutral and additive, the mutational variance, σ# m , can be obtained from (Lynch & Hill 1986) , where t is the generation number and is the effective population size. A value l 2.5 was used for both B and C lines, as the latter had been maintained by full-sib mating for 73-123 generations before the start of the experiment. The mutational heritability, h# m , was calculated as σ# m \V W . The mutational covariance between R and L (cov m ) can also be calculated from the above formula substituting V L and σ# m by cov L and cov m , respectively. The mutational correlation, r m , was calculated as cov m \σ mR σ mL , where σ# mR and σ# mL are the mutational variances of the right and left scores, respectively. Approximate standard errors of mutational variances, covariances and heritabilities, as well as confidence intervals of mutational correlations, were computed from standard multivariate ANOVA techniques as outlined in Ferna! ndez & Lo! pez-Fanjul (1996) . Of course, testing the significance of V L for Q R-L Q is equivalent to performing a Levene's test of homogeneity of (R-L) line variances.
RESULTS
The mean, variance and coefficients of asymmetry and leptokurtosis for the distributions of the mean deviations of inbred lines from the overall mean (averaged over generations), are given in table 1 for R, L and (R-L) in each sex, both for sternopleural bristle number and wing length. In all cases, there was no significant within-sex difference between the R and L means. However, there were significant differences between sexes, the females mean being 10-15 % larger, reflecting their bigger size.
For bristle number, the distribution of R and L scores in both sexes showed positive asymmetry and leptokurtosis. However, those distributions did not significantly depart from normality after data from the four extreme lines in each tail of the distribution were excluded from the analysis (g " reduced to 0.20 and k0.05, and g # to 0.69 and k0.29, averaged over sides for males and females, respectively). In a previous experiment (Santiago et al. 1992) those lines have been shown to carry mutations of large homozygous effect on bristle number (ranging from 0.5 to 3.3 environmental standard deviations of the trait). On the other hand, the distributions of R and L scores for wing length did not significantly depart from normality. Lines carrying mutations affecting this trait had also been detected (Santiago et al. 1992) , but the homozygous effects of those surviving long enough to be used in this experiment were not large ( 0.6 environmental standard deviations).
For both traits and sexes the distribution of (R-L) did not significantly depart from a normal distribution with a mean of zero, suggesting that DA was not present (Palmer & Strobeck 1986) . The mutational variances and heritabilities of R, L, (R-L) and Q R-L Q are shown in table 2 for both traits (sexes separated). On average, mutational variances in males were 30-40 % smaller than those in females. They remained 20-25 % smaller after being scaled by the corresponding environmental variances (i.e. when expressed as mutational heritabilities), indicating that the mutations involved usually had larger effects in the female. Mutations affecting abdominal and sternopleural bristle number have been generally found to increase sexual dimorphism in the expression of these traits (Mackay et al. 1992 (Mackay et al. , 1994 Lo! pez & Lo! pezFanjul 1993) . Mutational heritabilities of bristle number and wing length ranged from 0.73i10 −$ k2.10i10 −$ , but those of DA and FA were much smaller (range k1.95i10 −& k5.49i10 −& ). Mutational correlations between R and L were very close to one (0.99 and 1.002 for bristle number and wing length, respectively).
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All flies scored were sepia homozygotes, indicating that no genetic contamination from external sources occurred in any of the mutation accumulation lines.
DISCUSSION
We have studied the accumulation of spontaneous mutations affecting sternopleural bristle number and wing length in a set of inbred lines, all of them derived independently from the same homozygous population.
A main result emerged : mutational heritabilities of both traits were always significant and had values around 10 −$ , but those of DA and FA for the same traits were about two orders of magnitude smaller and none differed significantly from zero (upper bounds for the mutational heritabilities of FA and DA : (5.49p3.40)i10 −& and (0.92p2.10)i10 −& , respectively ; lower bound for the mutational heritability of L and R measurements : (0.73p0.10)i10 −$ ).
In the same set of lines used in this experiment, mutational heritabilities of sternopleural bristle number and wing length on females were estimated after 47 generations of mutation accumulation (Santiago et al. 1992) . Average values were 0.87i10 −$ (bristle number) and 1.80i10 −$ (wing length), smaller but not significantly different from those obtained in this experiment (1.11i10 −$ and 2.03i10 −$ , respectively). For bristle number, similar values ranging from (0.79p0.06)i10 −$ (Mackay et al. 1995) to (1.48p0.20)i10 −$ (Mackay et al. 1992 ) have been reported, also based on the divergence among inbred lines but using a different base population. In the above mentioned set of lines, significant estimates of the mutational heritabilities of other morphological (abdominal bristle number and wing width) and life history traits (fecundity and egg-to-pupa and pupa-toadult viabilities) were within the range (0.6-12.3)i 10 −$ (Santiago et al. 1992 ; Lo! pez & Lo! pez-Fanjul 1993 ; Ferna! ndez & Lo! pez-Fanjul 1996) . Estimates obtained in other experiments were also within that range, both for bristle number (Mackay et al. 1994) and life history traits (fecundity, male mating ability, productivity and longevity) (Houle et al. 1994) . Summarizing, the mutational heritabilities of all traits analysed so far cluster around a typical value of 10 −$ .
For both traits, the mutational correlation between R and L was very close to and not significantly different from one. This is in agreement with the genetic correlation between R and L for sternopleural bristle number also being indistinguishable from one in natural populations (Caballero & Lo! pez-Fanjul 1987) . These results imply that mutations affecting bristle number and wing length have the same effects on both sides of the individual.
In a recent review (Houle et al. 1996) , the 56 available estimates of the mutational heritability for a variety of morphological and life history traits obtained in seven plant and animal species, ranged from 0.13i10 −$ k29.22i10 −$ . Therefore, our estimates of the mutational heritability of DA and FA were much smaller than those of any other trait so far considered. This implies that mutations affecting those types of asymmetry are either very rare or have very small effects, relative to the experimental power of resolution, resulting in undetectable mutational variances. Alternatively, those mutations have strong pleiotropic deleterious effects on fitness, so that their fixation probability in the inbred lines is very low. Our calculations assume a model of neutral genes (Lynch & Hill 1986 ). Nevertheless, using information from Pelement-induced mutations affecting bristle number in Drosophila melanogaster, Keightley et al. (1993) concluded that the above model underestimates the mutational variance (typically by a factor of three for bristle number), deleterious mutations being the main factor. Thus, estimates obtained from the between-line divergence of inbred lines are biased downward, the bias being larger the closer the relationship between the metric trait and reproductive fitness. However, this cannot explain the observed difference between the mutational heritabilities of asymmetry types and metric traits, unless most mutations affecting asymmetry were lethal or semilethal. Moreover, our results cannot be ascribed to peculiarities of our experimental material, as this has provided estimates of mutational heritabilities for a variety of morphological and fitness related traits which were of the same order of magnitude as those obtained from other experimental material. In conclusion, the lack of mutational variability for both DA and FA of bristle number and wing length appears to be a fundamental property of those traits.
In natural populations, several attempts have been made to calculate the heritability of FA for sternopleural bristle number, quantified by Q R-L Q. Reeve (1960) reported values of 4 % in males and 0.5 % in females, the first being significant. However, those have been obtained from full-sib correlation analysis and may be biased upwards by common environmental effects. These may be large, of the order of 10 % of the phenotypic variance of (RjL) (Gallego & Lo! pezFanjul 1983) . Half-sib estimates, in principle free from that bias, have been reported by Scheiner et al. (1991) . They were all very small (3-4 %) and none reached significance. In parallel, realized heritability estimates of similar magnitude have been obtained from divergent artificial selection experiments by Reeve (1960) (1.3-2.5 %) and Mather (1953) (5 %, computed from data obtained from his figures 4 and 10). In both cases, the data have not been corrected for size and, therefore, the relevance to FA of the response obtained is questionable. Moreover, no evidence for heritability, as measured by variance among inbred lines (F l 0.25) was found (Fowler & Whitlock 1994) . In the case of FA for wing length, very small non-significant estimates ( 0.5 %) have been reported by Scheiner et al. (1991) . Summarizing, all available data from natural populations indicate that the heritability of individual Q R-L Q values is so small that it has never been satisfactorily distinguished from zero. It should also be born in mind that negative results tend not to be published.
No estimates of the heritability of DA for sternopleural bristle number or wing length have been reported. Nevertheless, they are also likely to be close to zero (or null) given the perfect genetic correlation between R and L. Furthermore, artificial selection experiments for DA have not produced a response (Tuinstra et al. 1990) . Watson and Thornhill (1994) proposed that genetic variation for FA could be generated by mutation bias, assuming that most mutations will draw the organism away from achieving perfect symmetry. This hypothesis is not substantiated by our data. Our lines have been accumulating mutations affecting all traits for over 100 generations but no between-line difference for FA could be detected. Palmer et al. (1993) clearly established the distinction between developmental noise (due to non-genetic processes causing departures from perfect symmetry) and developmental stability (the capacity to correct such deviations, which might have a genetic basis). In the population under study, our results strongly suggest that FA asymmetry of sternopleural bristle number and wing length only reflects developmental noise.
